A erobic respiration is the most widespread and energetically favourable metabolism on Earth; it enabled complex multicellularity 1 . The history of O 2 and aerobic respiration on Earth is tied to that of photosynthesis, resulting today in ~21 vol% O 2 in a ~1 bar atmosphere 2 . In contrast, modern Mars has a thin, ~6.1 mbar, atmosphere with only trace amounts of O 2 produced from the photodissociation of CO 2 (ref.
. The data reveal a nearly constant volume mixing ratio of O 2 of ≈ .
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O 2 (ref.
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). Little attention has been given to the role of O 2 on Mars, due to its scarcity [3] [4] [5] [6] [7] ; however, geochemical evidence from Martian meteorites 8 and manganese-rich rocks 9,10 points to highly oxidizing aqueous environments on Mars in its past, implying that O 2 played a role in the chemical weathering of the Martian crust 11 . Aqueous environments, in the form of brines, can exist today at, and especially below, the surface [12] [13] [14] despite the thin atmosphere and overall cold climate. Recent evidence demonstrates hydrated magnesium (Mg) and calcium (Ca) perchlorate salts at various locations on the Martian surface and shallow subsurface [12] [13] [14] [15] , which indicate the existence of Mg(ClO 4 ) 2 -Ca(ClO 4 ) 2 -H 2 O brines, and which could, in some cases, be associated with flow structures such as the modern recurring slope lineae 12, 13 . Ca-and Mg-perchlorate brines exhibit a much lower freezing point than pure water, by as much as 60-80 K (refs 16, 17 ), and at their eutectic composition, they effectively supercool down to 140-150 K before transitioning into a glass, even when mixed with Martian regolith simulant 16 . Calculations 18 and experiments 16 using brines containing Martian soil simulants with perchlorates (for example, an analogue of the Mars Phoenix landing site soil 18 ) show that dissolved perchlorate concentrations can readily reach eutectic concentrations during freezing.
Meanwhile, whereas aerobic microbial life and simple animals need O 2 dissolved in liquids in sufficiently large concentrations to survive, recent experiments, observations and calculations have lowered the required limits of concentrations of dissolved O 2 for aerobic respiration to ~10 −6 mol m −3 in microorganisms 19, 20 and to ~2 × 10 −3 mol m −3 in sponges 21 . The availability of O 2 in the Martian atmosphere, geological observations of oxidative weathering, the potential presence of cold liquid brines on, or beneath, the surface and low limits of dissolved O 2 concentrations needed for life raise the question of whether or not Mars could host liquid environments that contain sufficient amounts of dissolved O 2 to be capable of supporting aerobic metabolisms, and how such aerobic environments change with location on Mars, today and on timescales of obliquity change 22 .
To address these questions, first, we develop a comprehensive thermodynamic framework applicable to Martian conditions that calculates the solubility of O 2 in liquid brines composed of water and salts, including perchlorates (Ca(ClO 4 ) 2 , Mg(ClO 4 ) 2 , NaClO 4 ), chlorides (MgCl 2 , NaCl) and sulfates (MgSO 4 ). The supply of O 2 for our calculation is the atmosphere, and hence, our approach is valid for the surface and shallow subsurface ('near surface') only, where brines are assumed to communicate with the atmosphere.
Second, we couple this solubility framework to a Mars general circulation model (GCM) 23, 24 to compute the solubility of O 2 as a function of annually averaged values of pressure and temperature varying with location on Mars today (for an obliquity of ~25°). Using annual average climate values precludes the specifics of diurnal and seasonal variations of these aerobic environments, but gives a concise first look into the regions that are most or least likely to sustain high O 2 solubilities.
Third, we examine how the distribution of aerobic environments evolved over the past 20 Myr and how it may change in the next 10 Myr. To achieve this, we (1) extend the modern-day Mars climate model 23, 24 using different values of obliquity (5°, 10°, 15°, 17°, 20°, 40°, 60°, 90°) to obtain annually averaged climate maps for each obliquity and (2) use calculations of Mars's obliquity changes over the past ~20 Myr and the next ~10 Myr (ref.
22
) to identify epochs with different axial tilts.
The fundamental challenge is to describe gas dissolution processes in brines for a wide range of temperatures, including those below the freezing point of water. To achieve this, first, we compute how the solubility of O 2 would change as a function of temperature in supercooled water. The critical uncertainty for this computation involves the specific heat of dissolved O 2 in supercooled water. To address this uncertainty, we derive a conservative estimate by assuming a constant value for the specific heat of dissolved O 2 below 273 K; we refer to this as our best estimate. The best estimate agrees to within a few percent with available data. Second, we test plausible alternatives for the behaviour of the specific heat of supercooled water 25 and brines 25, 26 (this leads to a negligible difference from our best estimate). Third, we derive a thermodynamic lower limit, which we refer to as the worst case, for the solubility of O 2 (see Methods). 16, 17, 26 ) (see Supplementary Table 3) . b,c, Using the minimum salt concentration needed to enable a liquid brine 16, 17, 26 , we plot the change of dissolved O 2 concentrations ([O 2 ] aq , where 'aq' indicates aqueous solution) with temperature, using modern Mars temperatures (~140-300 K) and an average surface pressure of 6.1 mbar; BE, best estimate (b); WC, conservative worst case (c). Each fluid is colour coded based on the salt that it contains (see key in b); solid line for temperatures above the eutectic temperature and dashed line between the eutectic and maximum supercooling temperature. For pure water (blue), we plot for completeness the theoretical solubility below 273 K as a dotted line. . assume these compositions, the results yield lower O 2 solubilities, with values around ~10 −5 mol m −3 varying by up to one order of magnitude across modern Mars (Fig. 2) .
As potential sources of uncertainty, we estimate a possible temperature dependence of the Pitzer coefficients by using a derivative of the apparent volume model 32 , but find no considerable change. Also, we find the variability of the mixing ratio for O 2 to be too small to affect the conclusions (see Supplementary Information).
Spatial variation of O 2 solubility
The O 2 near-surface solubility is primarily controlled by temperature and secondarily by pressure-both of which vary substantially across Mars's surface. To assess spatial variation in dissolved O 2 concentrations, we connect the O 2 solubility calculations for Ca-and Mg-perchlorate brines with a climate model for modern Mars 23, 24 . For each temperature, we compute the critical concentration of Ca(ClO 4 ) 2 or Mg(ClO 4 ) 2 needed for the brine to remain liquid, and then solve for the solubility of O 2 under scenarios with and without supercooling for the two solubility models (best estimate and worst case; see Fig. 3 ).
For our best estimate (including supercooling), the results display large gradients in O 2 solubility for Ca-and Mg-perchlorates across Mars, with polar regions having the greatest potential to harbour near-surface fluids at 2 × 10 −1 mol m −3 of dissolved O 2 , and the least O 2 -rich environments in the tropical southern highlands at ~2.5 × 10 −5 mol m −3 of dissolved O 2 . The O 2 solubility of nearsurface brines across Mars today could vary by five orders of magnitude (Fig. 3a) . This trend results from lower temperatures at higher latitudes promoting O 2 entry into brines.
For our best estimate, but without supercooling, liquid perchlorate brines can occur primarily at equatorward latitudes below 50° and − 50°, with differences in potential O 2 solubility of one order of magnitude, depending on the specific location (Fig. 3b) .
Even for the worst case (with and without supercooling), values for the solubility of O 2 in Ca-and Mg-perchlorate near-surface brines are generally 1-2 orders of magnitude above 10 −6 mol m 
Obliquity-driven variations in O 2 solubility
We extend our results to examine how O 2 solubility in Ca-and Mg-perchlorate brines varies with climates at different obliquities, assuming the modern Mars atmospheric inventory. We find that for obliquities of less than ~10-15°, Mars experiences episodes of atmospheric collapse, where the condensable species in the atmosphere (mainly CO 2 ) form thick polar ice caps. Such events are rare in the interval we study 22 ( Fig. 4b) , and their potential effects on O 2 solubility are described in the Supplementary Information.
For the best estimate and worst case (with supercooling), the range of, the average and the maximum O 2 solubility can substantially decrease for higher obliquities (Fig. 4a) , due to the minimum surface temperature being generally higher for an increasing obliquity (Supplementary Table 4) .
We also examine the potential of the south polar cap fully sublimating at higher obliquities and roughly doubling the surface pressure. We find for our best estimate that the additional increase in surface temperatures of ~4 K from doubling the surface pressure (Supplementary Table 4 ) compensates for the increase in solubility due to the increased surface pressure; for the worst case, the results, shown in Fig. 4 , remain also similar.
Integrating these results with obliquity variation through time 22 , it is apparent that the past 5 Myr have supported particularly O 2 -rich environments (Fig. 4c) , while the preceding 15 Myr favoured average maximum O 2 solubility values in Mg-and Ca-perchlorate brines up to ~200 times lower than today. These results demonstrate the possibility of a substantial secular variation in the O 2 content of fluids such as Mg-and Ca-perchlorate brines in Mars's near-surface environments over its recent history.
implications for aerobic life on Mars
We find that, on modern Mars-accounting for all uncertainties, for our best estimate and the worst case, both with and without supercooling and also for temperatures above 273 K where our solubility model has been validated-the solubility of O 2 in various fluids can exceed the level required for aerobic respiration of ~10 −6 mol m −3
for microbes 19, 20 by ~1-6 orders of magnitude (Figs. 2 and 3) . In Caand Mg-perchlorate brines, O 2 solubilities can reach values comparable to the concentrations of O 2 in Earth's oceans today (Fig. 2a-c) .
In comparison, the solubility of O 2 in seawater (assuming modern salinity and 293 K) on early Earth before the Great Oxygenation Event about 2.35 billion years ago 2 was probably ~10 below the minimum concentration of dissolved oxygen needed to support aerobic life. By comparison, modern Mars enables greater O 2 solubilities due to its much colder surface temperatures in relation to early Earth and a small but relevant amount of atmospheric O 2 . Thus, in principle, Mars could offer a wide range of near-surface environments with enough dissolved O 2 for aerobic respiration like that seen in diverse groups of terrestrial microorganisms.
Moreover, for supercooled Ca-and Mg-perchlorate brines on Mars today, ~6.5% of the total Martian surface area could support far higher dissolved O 2 concentrations-enabling aerobic oases at dissolved O 2 concentrations higher than 2 × 10 −3 mol m −3
, sufficient to sustain the respiration demands of more complex multicellular organisms such as sponges 21 ( Figs. 2 and 3 ). Such aerobic oases are common today at latitudes poleward of about 67.5° and about − 72.5° (Fig. 3a) . These aerobic oases are feasible for low obliquities, but become unlikely for obliquities of more than ~45-50° (Fig. 4a) . Such high-obliquity states were uncommon in the last 20 Myr (ref. -10 −3 mol m −3 can occur today closer to the equator in areas of lower topography, such as Hellas, Arabia Terra, Amazonis Planitia and Tempe Terra, with larger mean surface pressures (Fig. 3a) .
The trends we show here are robust, as they can be tracked back to model-independent findings: (1) higher solubility for lower temperature and higher pressure, (2) temperature as the main control factor for solubility, (3) the poles being colder than the equator for modern Mars and (4) the poles generally warming at higher obliquities. Multicomponent brines containing more than one salt are a natural extension of our work, but binary saltwater mixtures, as studied in this work, suffice to exemplify the aerobic potential of near-surface Martian brines.
At the solubilities we find, O 2 could play a role in chemical weathering of Mars's crust 11, 36 and may help to explain a range of surprising geochemical, geological and atmospheric observations, including the presence of highly oxidized phases in Martian rocks [9] [10] [11] and seasonal variability of methane at Gale crater 37 . Our study focused on near-surface environments. Recent results have indicated the potential existence of Ca-and Mg-perchloraterich subsurface brines at a temperature of ~205 K and a depth of 1.5 km (ref. 38 ). Our results imply that the O 2 solubility in such a reservoir would be high, raising the possibility that they could be rich in O 2 if the supply either from intermittent communication with the atmosphere or from the radiolysis of water is sufficiently large.
We do not know whether or not Mars was ever host to life; recent efforts have focused profitably on the related question of habitability 39 . Our results can add O 2 solubility as an additional dimension to explore Martian habitability, where aerobic environments could act as resources for life (Supplementary Section 3) .
On Earth, aerobic respiration appears to have followed in the evolutionary footsteps of oxygenic photosynthesis, reflecting the scarcity of O 2 on Earth before photosynthesis. However, by sourcing O 2 in a different way, Mars shows us this need not be the case, broadening our view of the opportunities for aerobes on other planetary bodies.
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Methods
Below, we summarize our methods-from solubility to GCM-needed to reproduce our results. We direct the reader to the Supplementary Information for the derivation of all used equations and details on any Methods subsection. for O 2 dissolved in water, and R is the molar gas constant.
Solubility model.
To compute [ O ] 2 aq,w
, we need to determine the difference in molar chemical potential, evaluated at P ref , between O 2 dissolved in pure water and in the gas phase,
, as a function of temperature, in J mol −1 . The difference in chemical potential corresponds to the difference in molar Gibbs potential between O 2 in the gaseous and dissolved phases: . The parameters needed to solve equations (1) and (2) are listed in Supplementary Table 1 and can be found in the literature 40 . For the choice of the temperature dependence of the specific heat capacity at constant pressure of gaseous and dissolved O 2 , see the section below, 'Specific heats and robustness of conclusions' .
After computing the solubility of O 2 in pure supercooled water, we need to quantify the electrostatic interactions between the water dipoles and the ions in solution, because these cause a reduction in apparent water volume that can be used to dissolve O 2 (refs 32, 40, 41 ), and hence, the solubility of O 2 in a brine containing a salt, X, of molality m X is reduced by a salting-out factor of γ X m ( , )
compared with pure water: 27, 31, 42 . As shown in the Supplementary Information in detail, we use available data on various salts from 300 K to 240 K as well as theoretical calculations to demonstrate that for perchlorates too, we expect, from 298 K to 140 K, only a weak temperature-induced increase of γ X m ( , )
by less than a factor of 3-10 (and probably less than a factor of 5).
The electrostatic interactions can be separated into first-order direct undisturbed interactions between the O 2 molecules and the dissolved cations, O 2 -c, and anions, O 2 -a, respectively. Such interactions are described with the Pitzer approach 29 marks, hence, a lower bound for the solubility. To make the salting-out factor a function of m X , we use, for each ion (cation and anion), the mol(ion)/mol(salt) fractions, f c and f a . The parameters needed to solve equations (3) and (4) are in Supplementary Table 2 and can be taken from or computed with available data 27, 28, 43 .
The density of brines, ρ brine , is only slightly temperature-dependent, can be well approximated by an incompressible fluid and, for higher concentrations, generally increases 25 with decreasing temperatures by less than 5-10% from 298 K to 140 K. Therefore, by assuming that ρ brine (T, P) ≈ ρ w (T ref , P ref ) ≈ 1,000 kg m −3 , where ρ w is the density of water, we attain an approximate lower estimate for the solubility of O 2 .
Together, equations (1-5) allow us to calculate the solubility of O 2 in a variety of brines, across a wide range of temperatures, including those far below the freezing point of pure water, with the specific heat of dissolved O 2 as the major modulating factor.
Specific heats and robustness of conclusions. The specific heat at constant pressure of O 2 in the gas phase is experimentally well known down to 100 K, and remains approximately constant 44 at 300-100 K, with ≈ . C T ( ) 29 332
, due to translational and rotational degrees of freedom remaining active throughout this temperature range.
The major factor impacting the solubility of O 2 in pure water is the heat capacity of dissolved O 2 as a function of temperature, C T ( ) . As we demonstrate later, there is good evidence that a trend of increasing heat capacity persists until at least ~225-235 K, where water might have a liquid-liquid phase transition 25 , possibly leading to a decay of the specific heat of dissolved O 2 for lower temperatures.
Because of this uncertainty, we take a more conservative approach by considering (1) a best estimate with
, (2) reasonable alternatives for the specific heat capacity as a function of temperature, based on either the specific heat for supercooled water or a linear decay towards 140 K (similar to the specific heat of various brines 25, 26 )-leading to results of only less than a factor of ~3 smaller at 140 K than what we found with our best estimate, demonstrating the order-of-magnitude robustness of our conclusions with our best estimate, and (3) a conservative worst-case limit to the solubility of O 2 in water (see below, and in more detail in the Supplementary Information), as shown in Fig. 1c and Supplementary  Fig. 1 . The worst-case limit would lead, at 140 K, to a solubility about four orders of magnitude smaller than what we find with our best estimate. Although this worst case would limit high-O 2 oases with concentrations above the breathing limit for sponges 21 , it would still permit O 2 solubilities up to 1-2 orders of magnitude above the aerobic limit for microorganisms 19, 20 for modern Mars conditions.
Thermodynamic limit and worst-case scenario. C P,O ,aq 2 controls the solubility of O 2 in pure water or brine in the following manner (using equations (1-3); see Supplementary Sections 2.1.1 and 2.1.2 for details): . We demonstrate in the Supplementary Information that ζ T ( ) also monotonically increases with decreasing temperatures, due to the specific heat always being larger than zero for T > 0 K. Therefore, the minimum solubility of O 2 in pure water at T < 273 K is given by
[ O ] ( , *), with *( ) ( 273 K)
2 aq min 2 aq where the factor ζ T ( ) from equation 6 is set to a constant value, given by the lowermost temperature where C T ( )
is exactly known from experiments, which we set at 273 K. Our worst case provides the logic for a conservative lowermost bound on O 2 solubility, and it is important to note that the true solution is probably much greater and closer to our best-estimate scenario. This is because our worst-case solution indirectly implies that Melting curve for brines. Values for the critical concentration at T needed to keep the brine liquid, m X (T), are taken from experimental data 16, 26, 45 and fitted with a third-degree polynomial to generate a melting curve for the brine. Inside the temperature domain where the brine is known to effectively supercool (between eutectic temperature, T eu , and maximum supercooling temperature, T sc ; see Fig. 1a ), we assume a eutectic concentration of m eu = m X (T eu ), as no additional salt has to be added to keep the brine liquid.
Therefore, we obtain 24 GCM for this investigation. MarsWRF is a Mars-specific implementation of the PlanetWRF GCM 23 -a global model derived from the terrestrial mesoscale weather research and forecasting model 46 . MarsWRF solves the primitive equations by using a finite-difference methodology on an Arakawa C-grid 47 . Both the horizontal and vertical resolution of the model are variable and selectable at run time; we use a 40-layer vertical grid (0-80 km), following a modified-sigma (terrain-following) coordinate. The lowest model layer with this vertical grid is ~75-100 m above ground level, depending on location and season. We use a horizontal resolution of 5° × 5°, which corresponds to a grid of 72 points in longitude × 36 points in latitude. The total present-day atmospheric CO 2 budget, as well as the CO 2 ice albedo and emissivity for each hemisphere, are adjusted, a priori, until the modelled pressure curves best match those observed at the Viking lander 1 and 2 sites 48 . Both surface albedo and thermal inertia are matched to Mars Global Surveyor Thermal Emission Spectrometer observations 49, 50 , while water ice albedo and emissivity are fixed at 0.45 and 1.0, respectively.
The model includes a basic water cycle, which allows the condensation, sublimation, sedimentation and transport of water ice particles in the atmosphere, and growth and recession of polar water ice caps. Surface albedo is modified to the above-mentioned values when either CO 2 or water ice is condensed on the surface.
Planetary obliquity, or axial tilt, can be modified at run time in MarsWRF (ref. 51 ). In all obliquity simulations, we hold other model parameters constant. To examine the past 20 Myr of Mars history, we assume the luminosity of the Sun to be at the present-day value. Because the frost-point temperature for CO 2 (~148 K at present surface pressure) is regularly reached in the polar winter hemisphere, the present-day Martian atmosphere cycles ~25% of its total mass over the course of the year into and out of the polar caps. For obliquities higher than the present-day value (~25°), this fraction is larger.
For runs with obliquity of 10°, we find that solar heating of the polar regions is insufficient to stave off condensation year-round, and Mars experiences episodes of atmospheric collapse, where the condensable species in the atmosphere (predominantly CO 2 ) form thick ice caps at the poles. We do not find such atmospheric collapse for an obliquity of 15° with our GCM runs. We assume, on the basis of our GCM results, that atmospheric collapse is likely to occur for obliquities below 10-15°. We indicate these intervals by the grey shading in Fig. 4 , and, if theoretical predictions of obliquity as a function of time are correct, these events are uncommon in the period that we examine 22 . For this reason, then, we do not thoroughly explore this period in our study (although we discuss potential oxidation events at such phases in Supplementary Section 2.2.5.2.2).
At higher obliquities, water ice preferentially condenses at lower latitudes. While there is disagreement over exactly how widespread such water deposits might be 51, 52 , MarsWRF handles the tropical ice deposits self-consistently, increasing surface albedo at locations where ice is deposited. With all else equal, Mars at high obliquity will have a slightly lower global surface temperature than at present values, due to the increased surface area in the tropics covered by high albedo ice, as compared with the relatively small polar area covered by ice at present. However, the maximum (minimum) values of annually averaged surface temperature will generally decrease (increase) with increasing obliquity-mainly due to the albedo changes associated with obliquity change, as mentioned before. The distribution, minimum, average and maximum values of annually averaged surface temperature can be found in Supplementary Table 4 . Obliquity variation with time is the major driver for differences in annual averages for surface temperature and pressure; past variations in eccentricity played only a minor role in annually averaged surface temperatures and pressures.
On Mars today, observations reveal a perennial polar cap of CO 2 ice in the south that requires the surface temperature to be set to the pressure-dependent CO 2 frost point for all latitudes poleward of − 85° in the GCM. To examine how O 2 solubility changes with Mars's climate at different non-modern-day obliquities, we do not presume the presence of a residual CO 2 ice cap, because the mechanisms for forming it at present are not well understood. Consult Supplementary Section 2.2.2 for details of how the choice of a perennial polar cap of CO 2 ice in the south impacts our results.
The model water cycle mentioned above introduces water vapour into the atmosphere via sublimation of surface ice deposits, at a rate that is dependent on the temperature of those deposits. For the present day, the source of atmospheric vapour is the north polar cap, and the atmosphere contains a few to a few tens of precipitable micrometres of water vapour, depending on location and season. When a particular model grid point is saturated with water vapour, excess vapour is condensed as water ice and deposited on the surface. Water vapour is radiatively active and may influence atmospheric temperatures, although at the small abundances seen at most of the obliquities studied, it is a negligible effect. The water ice that is formed is not treated as radiatively active. This is an imprecise approach that can affect surface temperatures in certain locations (particularly in the polar hood regions and aphelion cloud belt) by a small amount. For this study, however, and with our lack of knowledge of cloud distribution and of the water cycle at other obliquities, it would be a speculative exercise to impose such behaviour-no better or worse than our current approach.
We do not include dust in the model atmosphere. This is done for the sake of consistency across obliquities and helps to expose the 'raw' trend of surface temperature over obliquity without the confounding effects of seasonally and interannually variable dust in the atmosphere. There is some suggestion that at high obliquity, there is greater dust loading in the Martian atmosphere 53 . However, the thermal impact of dust would not affect our overall results, which vary by orders of magnitude across the Martian near surface and with obliquity.
Code availability. The climate and solubility codes used for this study can be made available upon request from the authors.
Data availability
The generated data output from the climate model used for this study can be made available upon request from the authors.
